Because many words are typically used in the context of their referent objects and actions, distributed cortical circuits for these words may bind information about their form with perceptual and motor aspects of their meaning. Previous work has demonstrated such semantic grounding for sensorimotor, visual, auditory and olfactory knowledge linked to words, which is manifest in activation of the corresponding areas of the cortex. Here we explore the brain basis of gustatory semantic links of words whose meaning is primarily related to taste. In a blocked fMRI design, Spanish taste words and control words matched for a range of factors (including valence, arousal, imageability, frequency of use, number of letters and syllables) were presented to 59 right-handed participants in a passive reading task. Whereas all the words activated the left inferior frontal (BA44/45) and the posterior middle and superior temporal gyri (BA21/22), taste-related words produced a significantly stronger activation in these same areas, and also in the anterior insula, frontal operculum, lateral orbitofrontal gyrus and thalamus among others. As these areas comprise primary and secondary gustatory cortices, we conclude that the meaning of taste words is grounded in distributed cortical circuits reaching into areas that process taste sensations.
Introduction
Understanding the way the meaning of words is represented and processed in the human brain still represents one of the main challenges in cognitive neuroscience. A neurobiological perspective on language mechanisms suggests that words are processed by distributed cortical circuits with topographies that reflect aspects of their referential meaning (Barsalou, 2008; Martin, 2007; Pulvermüller, 2001; 2005; Pulvermüller & Fadiga, 2010) . These neural webs unify neurons in perisylvian areas by storing word form information and neurons in the more widespread cortical areas critically involved in processing perceptual and/or motor information about word meaning. Since word forms frequently co-occur with nonlinguistic information, for example, the visual perception of specific objects, sounds, odors, tastes, or body movements, Hebbian learning implies that the neuronal representations of these words will include co-activated neuronal systems, involving the specific sensory and motor information related to semantically relevant perceptions and actions. In the very same way the question "What does the word bear mean?" can be answered by showing a picture of that animal, the neuron circuit for this word form should become linked semantically to neuronal populations in the visual system.
Neuropsychological and neuroimaging studies have provided overwhelming evidence for such meaning-related differential topographies. For example, the processing of object-related nouns versus action verbs, and of names of animals versus tools, are affected differentially by focal brain damage (Damasio & Tranel, 1993; Daniele et al., 1994; Humphreys & Forde, 2001; Miceli et al., 1988; Warrington & Shallice, 1984; Bak et al., 2006; Pulvermüller et al., 2010; Neininger & Pulvermüller, 2003; Gainotti, 2008) . Consistently with these lesion studies, neuroimaging studies have found differential activation of brain areas when actionor perceptually-related words are processed (Damasio et al., 1996; Martin et al., 1996; Martin & Chao, 2001; Moore & Price, 1999; Pulvermüller et al., 1999) .
Evidence has accumulated, even for quite precisely defined categorical distinctions between semantic categories such as action word subtypes. The results of behavioral Glenberg et al., 2008; Dalla Volta et al., 2009) neurophysiological (EEG and MEG, Pulvermüller et al., 2000; 2005; , neuroimaging Kemmerer et al., 2008) and transcranial magnetic stimulation experiments Buccino et al., 2005) reveal that the comprehension of action words, which semantically relate to different body parts, automatically activates the motor and premotor cortices somatotopically. Moreover, they show that motor cortex stimulation or lesion, for example, the arm or leg motor cortex, has a specific causal influence on the processing of action words, for example arm-vs. leg-related action words (such as pick and kick). Words that relate to different kinds of objects and convey different kinds of semantic information about visual features, for example, shape vs. color, activate different sections of the temporal cortex (Moscoso del . Sound-related words (e.g., telephone) activate the superior-temporal cortex more strongly than control items .
Even odor-related words spark the primary and secondary olfactory cortices (González et al., 2006) . These converging results provide strong evidence for a role of sensorimotor systems in the processing of word meaning (Barsalou, 2008; Martin, 2007; Pulvermüller & Fadiga, 2010) . However, the sensorimotor account is still restricted to specific sensory modalities. In order to make strong general statements, the remaining sensory modality, namely gustation, needs to be explored. Our study aims to bridge this gap by investigating brain correlates of the words semantically related to taste.
Several neuroimaging studies have identified specific cortical regions in the human brain that respond to gustatory stimuli which evoke taste sensations (Kobayakawa et al., 1996 (Kobayakawa et al., , 1999 Faurion et al., 1998 Faurion et al., , 1999 Cerf-Ducastel et al., 2001; O'Doherty et al., 2001; de Araujo et al., 2003; Frank, et al., 2003; Small et al., 2003; Onoda et al., 2005; Haase et al., 2006) . These studies identified the anterior insula and the frontal operculum as primary gustatory cortices (PGC), and also the orbitofrontal cortex as the secondary (or higher-order) gustatory cortex (SGC) (Small et al., 2007) . Therefore, the specific hypothesis motivating the present research was that, in a passive reading task, taste-related words would activate these primary and secondary taste processing areas (anterior insula, frontal operculum and orbitofrontal cortex) more strongly than matched control words.
Materials and Methods

Subjects
Fifty-nine right-handed (Oldfield, 1971) native Spanish speakers (29 females; mean age 22.51 (3.90), range 17-37), volunteered to enroll as students at the Universitat Jaume I (years of education = 14.47 +/-1.92) to participate in an fMRI study. Participants had normal or corrected-to normal visual acuity, and no history of neurological of psychiatric disorders. They were paid for their participation.
Ethical approval was obtained from the Universitat Jaume I Ethics Committee, and each subject signed a written informed consent prior to participation.
Stimuli and fMRI Design
We applied a block design paradigm with three conditions: two activation and one baseline conditions. The activation stimuli consisted of two different lists of 50 visually-presented words (concrete nouns) selected according to their gustatory connotations. These two word sets were selected from a previous norming study in which 18 subjects, who did not participate in the fMRI experiment, were asked to rate a pool of concrete nouns according to whether or not their meaning related to gustatory information. Subjects were asked whether the words referred to objects with a strong taste, and they used a scale ranging from 1 (no or a very weak gustatory semantic link) to 7 (a very strong gustatory link). One list (taste-related words, TW) included words with pronounced gustatory meaning defined in this manner, which were presented during the TW condition; the other list (control words, CW) included words with no or very weak gustatory semantic links, which were assigned to the CW condition [mean scores (SD) were 5.70 (.48) vs. 1.25 (.43) respectively, t(98) = 48.02, p < .0001] (see Supporting material). In order to minimize any physical or psycholinguistic differences that could influence the hemodynamic response, both the TW and CW lists were matched for a range of psycholinguistic and semantic variables (see below and see Table 1 ).
INSERT TABLE 1 ABOUT HERE
The baseline (B) stimuli used in 50 baseline trials consisted of strings of hash marks, one for each trial (for example, #####), that matched the length of the words used in the other two lists (see , for similar methods). Note A full paradigm lasted 320 s, including one additional baseline block at the end to allow the BOLD response to settle to the baseline. Participants were instructed to silently read each word or to simply look at the screen in the baseline condition.
Semantic rating of stimulus words
After the fMRI experiment, 41 subjects (21 female; mean age = 23.12(4.23); years of education = 14.63 (1.98)) completed a questionnaire in which they were asked to rate the meaning of all the word stimuli used in the experiment. Subjects rated the relevance of gustatory, olfactory, action and visual features for the meaning of these words on a scale from 1 to 7. The words appeared pseudorandomly in four different questionnaires, with a maximum of three items from the same category in direct succession. The questions used to obtain semantic ratings were:
1. Gustation: "Does the meaning of this word relate to a taste you can detect with your mouth and tongue?" 2. Olfaction: "Does the meaning of this word relate to an odor or smell you can sense with your nose?" 3. Action: "Does the meaning of this word relate to an action you can perform by moving any part of your body?" 4. Vision: "Does the meaning of this word relate to an object you can perceive with your eyes?
In the questionnaire study, subjects also taking part in the fMRI experiment were presented with typical examples of the stimulus materials. The semantic rating scores were used to study the association between these ratings, and the differences in language use they indicate, and the brain activation to gustatoryrelated words. To this end, the subjects' mean ratings were correlated with the percentage of signal change in a priori regions of interest (ROI, see below).
Behavioral Data Analysis
Behavioral data analyses were performed using standard statistics software (PASWm Inc., Chicago, IL). Below, the data are expressed as mean and standard deviation (SD), unless otherwise indicated. The primary analysis for the statistical differences between the subjective ratings on the relevance meaning of gustatory and control words was tested using repeated measures of within-subject two-way Analyses of Variance (ANOVAs); design: word-sets (TW, CW) x rating-score (gustatory, olfactory, vision, action). Post-hoc t-test comparisons between levels of interest were assumed significant at a two-tailed p < 0.05.
fMRI Acquisition
Images were acquired on a 1.5-T scanner (Avanto, Siemens). Twenty oblique transverse slices covering the whole brain were acquired using a T2*-weighted (TR = 2000 ms; echo time = 40 ms; flip angle 80º; FOV = 125.6 x 125.6; matrix size = 64 x 64 voxels; in-plane spatial resolution = 3.94 x 3.94 mm, 5-mm thick, 1-mm skip, and 1 interleaved). Anatomical scans were also obtained using contiguous 1-mm sagittal images across the entire brain with a T1-weighted fast field echo sequence (TE = 4.2 ms, TR = 11.3 ms, flip angle = 90º; FOV = 231 x 264 mm; matrix = 224 x 256 x 176 voxels).
Image Data Analysis
Preprocessing: The neuroimaging data were preprocessed and analyzed with statistical parametric mapping using the SPM5 software (Wellcome Department of Cognitive Neurology, London) implemented in Matlab (v.7.0; Mathworks Inc. Sherborn, MA). Functional images were realigned with a two-pass procedure in which functional volumes were registered to the first volume in the series in a first step, and to the mean image of all the realigned volumes in a second step. Next, the anatomical scans from each subject were co-registered to the mean image and segmented in to the gray and white matter partitions. Normalization parameters were extracted from the segmentation of each subject's anatomical T1-weighted scan and applied to their corresponding functional scans (voxel size resampled to 3 x 3 x 3 mm^3, template provided by the Montreal Neurological Institute). Finally, all the images were smoothed with a Gaussian kernel of 6-mm FWHM.
Statistical analyses: Statistical parametric maps were generated with a general linear model defined for each subject with a box-car function, convolved with the hemodynamic response function and its temporal derivative. Furthermore, six covariates were added to each subject's model corresponding to their motion parameters derived from the realignment of functional volumes. To determine activation probability that was specific to each condition per subject and voxel, pair-wise contrasts for each pair of conditions were defined at an initially fixed effect level. Hypothesis testing at the random effects level was conducted by onesample t-tests in which the parameter estimates images from the contrasts between main conditions [TW>CW] were included from each subject. At this second level, all the comparisons were thresholded at a significance level of p < 0.01, and were corrected for multiple comparisons across the entire brain at both the voxel (false discovery rate (FDR)) and the cluster levels (p < 0.05, FWE corrected).
ROI analysis
In addition to the whole-brain analyses, ROI analyses were performed to test for condition and laterality effects, besides studying subjective gustatory ratings association with the brain activation in these regions. For a priori ROIs, each subject's average percentage signal change value was extracted for each condition on a single-subject basis. ROI definition was based on anatomical regions (e.g., structures, gyri, Brodmann's areas) defined with the Anatomical Automatic Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) as implemented in the WFU PickAtlas toolbox (Maldjian et al., 2003) for SPM5; afterwards, these ROIs were masked with the conjunction's mask of all the images used in the fMRI model analysis. The a priori selected AAL ROIs were defined based on the previous anatomical regions involved in gustatory and semantic processing.
Therefore, the anatomical ROI definition included: the frontal operculum (Small et al., 2004; Pulvermüller et al., 2009; Kemmerer & González-Castillo, 2010) , insula (Small et al., 2004) , lateral orbitofrontal cortex (Goldberg et al., 2006; Small et al., 2004; Small et al., 2007; Small et al., 2003) , amygdale (González et al., 2006) , inferior frontal cortex (Bookheimer, 2002) , inferior temporal cortex, supplementary motor area and premotor cortex (Pulvermüller et al., 2009; Kemmerer et al., 2008) . Furthermore for a detailed analysis of the inferior frontal cortex, we subdivided it into its opercular, triangular and orbital cytoarchitectonic portions by means of the predefined ROI based on Brodmann's areas 44 (pars opercularis), 45 (triangularis) and 47 (orbitalis). All these ROIs were defined for each hemisphere separately, and the percentage signal change was extracted using Marsbar (Brett et al., 2002) .
To test for word category differences and the hemispheric specificity of activations in ROIs, a Condition (TW, CW) x Hemisphere (Left, Right) repeatedmeasures analysis of variance (ANOVA) was performed on the percent signal change values from each ROI. Furthermore, each subject's average percentage signal change values for the TW condition alone, obtained from the subtraction of the TW minus the CW conditions' percentage signal change, were plotted against the individual subject's average gustatory semantic rating score of the words from the TW condition, and the correlation was calculated in an exploratory analysis to test how subjective gustatory ratings related to brain activation in ROIs. Thus, gustatory word-related scores correlated with the extracted percentage signal change from all 10 ROIs from each hemisphere by applying Pearson's correlation.
Given the number of variables and the number of pair-wise correlations, we applied a Bonferroni correction to all correlation results. Given the sample size (n = 41) and the number of tests (10 ROIs by two hemispheres), and 20 possible correlations with the gustatory word-related scores, any positive or negative correlation over r (40)=(+/-).46 (two-tailed p<0.05, Bonferroni corrected) was considered significant (Sankob et al., 1997; Meinert, 1986; Busatto et al., 1997; Curtin et al., 1998) .
Results
Behavioral results
The within-subjects two-way ANOVA word set (TW, CW) x rating (gustatory, olfactory, visual, action) indicated a significant interaction of word sets and rating scores [F(1, 3) = 249.9, p<0.001). Post-hoc paired t-tests showed that subjects rated the two word categories, TW and CW, differently in their gustatory (t(40) = 39.30; p < 0.001), olfactory (t(40) = 24.74; p < 0.001) and visual (t(40) = 2.55; p < 0.015) semantic links; however, the semantic action ratings did not differ between the TW and CW categories (p > .1). The main post-hoc analysis results were replicated using nonparametric tests (p < 0.05). Table 1 lists all the means and SDs of the semantic ratings.
Imaging results
Whole-brain analysis
Figure 1(A) shows the contrast of the BOLD signal in the TW vs. the CW conditions. The TW condition shows that activation increased in the left frontal operculum (BA 47), the lateral orbitofrontal cortex (BA11), anterior insula (BA13), middle temporal gyrus (BA21), angular gyri (BA 39), dorsal posterior cingulate (BA 31), mesial prefrontal cortex (BA9/10), and middle prefrontal cortex (BA8), and premotor cortex (BA6), cuneus (BA 18/19) and precuneus (BA18). Activation also peaked in the midbrain structures below the hypothalamus, such as the subthalamic nucleus and the substantia nigra. The MNI coordinates referring to these structures are reported in Table 2 . Opposite contrasts, which looked for significantly higher activations in the CW condition than in the TW condition, showed no significant differences.
INSERT TABLE 2 ABOUT HERE Figure 1(B) illustrates the contrast of the parameter estimates for the contrast CW vs. the baseline. The CW condition shows that activation increased in the left inferior frontal cortex, including Broca's area, and premotor cortices (BA 6/44/45/47), supplementary motor area and adjacent anterior cingulate (BA6/32), left fusiform and middle temporal gyrus (BA37/22 including the visual word form area), putamen, globus pallidus and thalamus. All these activations were left lateralized, except the activation in the right prefrontal cortex (BA6; see Table 3 ).
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ROI analysis results
The ANOVA analyses on each individual ROI show the main effects of condition in the amygdalae (F(1,40) = 9.68; p < 0.005) and in BA47 The main analysis results were reinvestigated using nonparametric tests. All the ROI tests were repeated using the Kolmogorov-Smirnov test. All the ROI differences found by parametric testing could be replicated at p < .05.
INSERT TABLE 4 ABOUT HERE
Finally, the correlation analysis of the mean ratings of the gustatory semantics of taste words and the ROI-specific activation differences between the TW and CW conditions failed to reveal any significant correlation surpassing the conservative corrected threshold of r>0.46 (p<0.05 Bonferroni corrected; n=41).
No significant correlations between brain activation strength and semantic ratings were observed in these gustatory areas or in the other ROIs examined.
Discussion
The hypothesis being tested was that the passive reading of taste words, with strong gustatory semantic links, would activate the primary and secondary sensory gustatory regions of the human brain, particularly the anterior insula, the frontal operculum and the orbitofrontal cortex. Our results fully confirm this hypothesis. In these three regions, which are known as the main hub for taste processing, the BOLD signal obtained while participants read taste-related words (TW) was significantly stronger than when they read control words (CW) with no or very weak taste associations. The ROI analysis further confirms that taste words elicited a relatively stronger activation in the left lateral orbitofrontal cortex when compared with the control items. Together, these results strongly support the proposal that the semantic circuits of taste-related words include neuron populations in gustatory cortical areas.
Most previous studies using fMRI and PET support the role of both the frontal operculum and the anterior insula as primary gustatory areas in humans, which has therefore been argued to be the homolog of the primary gustatory area (PGA) in the monkey (for a discussion, see Onoda, 2005; Small, 2006) . This putative human PGA is not exactly concordant with that identified by MEG in the shortest latency after gustatory stimulation, which was located in a more posterior region, the transitional cortex between the insula and the parietal operculum (Kobayakawa et al., 1999 Onoda et al., 2005) . However, given the well-known limitations of MEG source localization (Hämäläinen, 1995) , due to fundamental issues related to the inverse problem, and the weak signals reaching the MEG sensors from deep sources (such as the insula), caution is required when interpreting these results. Using salt and saccharine as stimuli, Kobayakawa et al. (1999) estimated the sources of an early MEG response between the parietal operculum and the posterior insular cortex, while those of subsequent activations were attributed to other areas, which is consistent with the fMRI literature, especially concerning the frontal operculum and the anterior insula. The results of the present work suggest that these areas become active not only in perception, but also in the reprocessing of taste information which is characteristic of the processing of taste-related word meaning. Similarly to the gustatory system, the human orbitofrontal cortex (OFC) is crucial for olfaction, and it also plays a role in representing and processing taste, flavor and food reward (see the review of Small et al., 2007) . According to the literature, the main contribution of the OFC to gustatory processing is thought to be encoding the affective value of taste stimuli (Small et al., 2003; O'Doherty et al., 2001; Small et al., 2007) . Likewise, the OFC also encodes retronasal olfaction (Small et al., 2005) and oral somatosensory stimulation, both of which always occur in conjunction with the sensation of taste during eating (De Araujo, et al., 2003; Small et al., 2007) . We will discuss below the possible relationship between olfactory and gustatory semantic links. Goldberg et al. (2006b) studied the role of sensory brain regions in semantic decisions according to tactile, gustatory, auditory and visual knowledge. During the experiment, participants were asked to determine whether a specific word item possessed a given property of one of four sensory modalities, including color (green), sound (loud), touch (soft) or taste (sweet). Therefore, it was an explicit judgment task that forced subjects to consult their mental representations of sensory information. Their fMRI results showed that the predicted sensory brain regions were activated by the four sensory comparison tasks, suggesting that "the brain's sensory mechanisms might support not only the perceptual encoding of visual, auditory, tactile, and gustatory experiences, but also semantic decisions which reference that knowledge" (p. 4917). Specifically, gustatory decisions were associated with increased activity in the left orbitofrontal cortex. This pattern was consistent with a previous finding of the same authors (Goldberg et al., 2006a) when a different decision task, based on the knowledge of semantic categories, was used (e.g., fruit) in which flavor properties were necessary and relevant. Our results significantly extend these results by showing that an explicit comparison task is not necessary to achieve the activation of the primary and secondary gustatory cortices; the passive reading of taste words is sufficient to accomplish this activation.
The psycholinguistic evaluation of the stimulus words used in the present study demonstrates that a range of variables, especially valence, arousal, imageability, frequency of use, number of letters and syllables, were a priori matched between the two word types examined. Although the most pronounced (TW = 6.04(.60) vs. CW = 1.42(.43)) and clearcut (t(40) = 39.31; p < 0.001) difference between the word groups was found in the gustatory semantic links, these stimulus groups also significantly differed in terms of their rated olfactory associations and their visual semantic links. One may therefore argue that olfactory and visual semantic links can, in principle, provide an alternative account of the activation differences in the left anterior insula, the frontal operculum and the OFC. This may be the case of the left OFC, which has been seen to become active to olfactory words according to González et al.'s previous study (González et al., 2006) ; moreover, and generally, the prefrontal areas anterior to Broca's area have sometimes been seen to be active in semantic tasks (Bookheimer, 2002) .
However, according to the background found in the literature and to our results, activation in the anterior insula and the frontal operculum seem to be more specific to the word category under study herein (gustatory words) and may, therefore, be a true reflection of taste processing in semantic access. In particular, a previous work into the visual semantic links (Hauk et al. 2008 ) did not note any activity in these primary gustatory regions. In this sense, the relationship between tasterelated activation and the gustatory semantic ratings of the taste-relatedness of words shown by the present work may further strengthen the case for the specificity of these activations to the processing of semantic information about taste. It is likely that the absence of significant correlations in our present data was due to the selection of gustatory words with extreme gustatory semantic ratings (e.g., the mean range between 5 and 7), which reduced the variability, thus working against significance of potential correlations. Therefore, at present, activation of these primary gustatory regions may be attributed to gustatory semantic links; thus, further research using correlation and regression analysis on differential semantic associations of words with variable semantic characteristics may further strengthen these results and, specially, may document specificity of the activation to gustatory semantic processes.
FMRI studies, like the one reported here, are always correlational and cannot, therefore, address the crucial question of whether the activated regions are also necessary for the process under study, that of accessing gustatory semantic information linked to words. Lesions in the anterior insula have been reported to lead to deficits in processing information about specific types of emotions, especially the inability to recognize a facial expression of disgust (Calder et al., 2000) . Note that a link between the anterior insula and disgust processing, as a special case of gustatory processing, can be explained by this region's known status as primary gustatory cortex. If semantic circuits for tasterelated words include neurons in the anterior insula and the frontal operculum, a lesion in these structures may, therefore, produce a category specific deficit in processing these words. Further research is necessary to test the new prediction as a result of the present work, that of a lesion in the anterior insula in the left hemisphere leading to a processing deficit for taste-related words.
Our results are not consistent with a link between anterior insular activation and word-evoked emotion processing as affective-emotional stimulus properties had been matched carefully between taste and control words.
Activation outside the gustatory system
Other brain areas were selectively activated while reading taste-related words (Table 2) . Some of these areas belong to the subcortical gustatory processing system (Small, 2006; Small et al., 2007) . The human gustatory pathway, which is assumed to be the equivalent to that in the monkey (Small, 2006; Small et al., 2007) , starts with cranial nerves VII, IX, and X, reaches the nucleus of the solitary tract from where second-order gustatory fibers project to the ventral posterior medial nucleus of the thalamus and on to the cortex. FMRI studies have reported activation to gustatory stimuli in the thalamus (e.g., Cerf-Ducastel et al., 2001; Haase et al., 2006) . Other structures that the present study finds are specifically active to taste words have also previously been shown to be active in association with taste processing, including the precentral gyrus (Kobayakawa et al., 1999; Haase et al., 2006) , the cingulate gyrus (Cerf-Ducastel et al., 2001; O'Doherty et al., 2001; Haase et al., 2006) , the angular gyrus (Cerf-Ducastel et al., 2001) , and the substantia nigra (Small et al., 2003) .
Since it is possible that all the corresponding activations noted in the present work are related, to an extent, to the processing of gustatory information and to other information linked semantically to our present stimulus words, it may also be worthwhile to explore alternative accounts. For example, the activation of the precentral gyrus, which includes premotor cortex (BA6; Figure 1C ), may be related to motor or action knowledge relating to gustatory experiences. Note that this may be an intrinsic link, as, when experiencing strong taste, we involuntarily respond by moving our face, hence tasting is inevitably related to complex face, lips, mouth movements. The observed precentral activation, which was stronger to TW than to CW, may also be a brain correlate of the implicit action knowledge linked to TW-related meaning. Thus, similar located precentral activation has been related to masticatory activity (Iida et al., 2010; Byrd et al., 2009) , and even to the retrieval of complex action plans (O'Shea et al, 2007; Rusworth et al., 2003; Schluter et al., 2001; Wise and Murray, 2000) . Otherwise, the similar ratings of the semantic action relationship of the two word groups investigated may explain the lack of functional differences in more posteriorly located premotor regions, such as the premotor face area . Previous studies have related activation in the anterior bank of the precentral gyrus to the naming of actions and tools (Grabowski et al., 1998) , suggesting a role in the retrieval of words denoting actions or objects with characteristic actions. Therefore, TW-related higher activation in the premotor association cortex may stem from subjects' accumulated verbal and motor experiences related to tasty words. It may reflect implicit action knowledge immanent to taste words; but these semantic action links cannot be evidenced in the semantic rating because the memory of taste related to the words may dominate rather than the (secondary) knowledge of how one would respond when experiencing that taste.
The amygdale showed a ROI condition effect that was not present in the voxel-wise statistical tests, and which is probably the result of the more liberal threshold and its discrete structural volume in the atlas definition (Poldrack et al., 2007; Maldjian et al. 2003) , increasing the probability of colocalization errors across subjects after normalization, and reducing the statistical significance at voxel level (Salmond et al., 2002) . The amygdala's condition effect was reported in an early study by our group into olfactory words processing (González et al., 2006) , and it has been related to taste stimuli and their hedonic processing (Small et al., 2003; O'Doherty et al., 2001; 2002) . In contrast, in the present study we controlled that words included in both the TW and CW conditions so they were equated by valence and arousal effects, which likely reduced the contrast activation of the amygdala during the TW semantic processing.
Sensorimotor circuits as a cortical basis for semantics
As already mentioned in the Introduction, evidence for this theoretical framework has been obtained in recent years, especially from action words that relate semantically to different body parts Pulvermüller et al., 2001 . The data suggest that the comprehension of these words activates the motor and premotor cortices somatotopically. For example, reading a leg-related verb such as 'to kick' activates classical language areas, as well as the motor regions involved in leg/foot movement. Processing of mouth-(e.g., 'to kiss') and hand-related ('to pick') words activates the regions involved in mouth and hand movements, respectively. Besides, a similar somatotopic pattern has recently been observed for abstract meaning processing, especially those idioms including arm-and leg-related action words (Boulenger et al., 2008) . A wide range of studies supports the idea that the perceptual information associated with the reference of a word is important for its neural representation. Martin et al. (1995) and Simmons et al. (2007) found that processing color words activate a region overlapping the area involved in perception of color, thus providing evidence that conceptual knowledge is grounded in modality-specific brain systems (Simmons et al., 2007) . Similarly, words that are semantically related to sounds (e.g. telephone) activate superior temporal auditory areas, even if the stimuli are presented in a written form . In a previous fMRI study (González et al., 2006) , we observed that reading words with strong olfactory associations in their meaning activates olfactory regions. In the experiment, subjects read words such as canela ('cinnamon'), alcanfor ('camphor'), fétido ('fetid'), etc. Obviously, they were not exposed to any olfactory stimulation during the neuroimaging session. The results of the present work extend this pattern to the semantic gustatory domain: participants read words such as sal ('salt'), miel ('honey'), or uva ('grape') but, again, they were not exposed to any gustatory stimulation.
These data and others suggest that word meaning is not confined to just meaning-specific brain regions in some left perisylvian areas; instead it seems likely that semantic representations are distributed systematically throughout the brain. Additional cortical areas, which are critically involved in processing perceptual and motor information of the semantic reference, possibly contribute to the processing of word meaning. In this framework, sensorimotor circuits play a key role as a cortical basis for language processing (Pulvermüller & Fadiga, 2010) .
Activation of gustatory brain regions when a subject processes words with gustatory semantic attributes is consistent with this viewpoint. It seems that gustatory information may be interwoven with the neuronal representation of such words. Further research may extend the involvement of sensory modal-specific systems to the comprehension or processing of sentence meaning, as in the motor system (Boulenger, Hauk, & Pulvermüller, 2008) . Finally, these results may provide us a clearer answer as to why we salivate when we talk about food and when we are hungry.
In conclusion, our data show that reading words with gustatory meaning activate, along with the general left-perisylvian language areas, those brain regions sparked by gustatory stimuli, which are involved in gustatory perception.
This pattern is coherent with the theoretical perspective (Pulvermüller, 1999 (Pulvermüller, , 2001 (Pulvermüller, , 2005 Pulvermüller & Fadiga, 2010) of viewing words as being cortically organized into neural distributed assemblies with different topographies that reflect aspects of their references. These cortical circuits include neurons in sensory systems that play a key role in perception, and, as we can now state, in perception through all the major sensory modalities (visual, auditory, somatosensory, olfactory and, as shown here, gustatory) (Pulvermüller, 1999; Barsalou 1999 Barsalou , 2008 Martin, 2007; Pulvermüller & Fadiga, 2010) . +, significant condition effect at p < 0.05; ++, significant condition effect at p < 0.005 *, significant lateralization effect at p < 0.05; +*, significant interaction effect.
The location of the signs provides information about the higher intensity in the direction of the differences. TW, tasty words.
